PVT data of molten KCl as a typical example for an ionic melt have been measured between 770 and 1050 °C at pressures up to 6 kbar. The experiments were performed in an internally heated pressure vessel containing argon as pressure transmitting medium. The salt was enclosed in a stainless steel cell the volume of which could be varied by means of a metal bellows and measured by monitoring the displacement of one end of the cell using an inductive transducer. The accuracy of the density data obtained is 0.15% for pressures below 2 kbar and 0.4% for higher pressures.
Introduction
Molten alkali halides are considered to be the simplest molten salts because they consist of only two different types of monovalent spherical ions. Therefore, the first computer simulation calculations on molten salts by the Monte Carlo 1 and the molecular dynamics 2 methods have been performed on the alkali halides, especially on potassium chloride. One purpose of these computer simulations is to calculate the macroscopic properties of ionic liquids and their temperature and density dependences from suitable pair potentials, since this cannot yet be done by rigorous statistical mechanical methods.
In order to test the validity of the results of such computer calculations a comparison with experimental data is necessary. Extensive experimental work has been done on the alkali halides at ordinary pressure, whereas an almost complete lack of information is existing for the high-pressure range. So far, only conductivity measurements up to 1 kbar have been published by Cleaver et alias 3 . Measurement of the PVT data over a wide range of temperature and pressure for molten potassium chloride as a first example of an ionic melt can provide valuable information, because they enable: 3. a discussion of the properties of molten KCl, e.g. the electrical conductivity, which have been measured as a function of pressure and temperature in terms of density or average particle distance, 4. a test of the results of computer calculations at high pressures or high densities. The experimental effort necessary is outlined by the following facts: 1. in order to allow for a 15% isothermal density change a pressure range of about 6 kbar is necessary, 2. at that pressure the melting temperature of KCl is almost 900 c C; consequently the temperature range of the experiments should exceed 1000 °C, 3. under those conditions of temperature and pressure the alkali halides are highly corrosive, 4. in order to be useful for the purposes mentioned above the accuracy of the densities should be about 0.5% or even better.
One experimental method suitable to match all those requirements utilizes as a volumometer a closed all-metal container the volume of which is variable by means of a metal bellows mounted in an internally heated pressure vessel.
Experimental

Pressure System
The pressure apparatus consists essentially of an internally heated pressure vessel and the pressure generating and measuring equipment. The inner cylinder of the composite pressure vessel which is shown schematically in Fig. 1 has an inner diameter of 60 mm and is made of maraging steel (Suprafort 200, Krupp). For the outer cylinder a heat-treatable high strength steel is chosen. The outer surface of the pressure vessel is equipped with a water cooling system to keep the wall of the vessel at low temperatures. The bore of the pressure vessel is closed by Bridgman seals at either end.
The internal furnace (Fig. 2) consists of four independently controlled resistance heaters made of molybdenum wire insulated by thin-walled alumina tubes. Between the furnace and the wall of the pressure vessel zirconia, fired, and unfired pyrophyllite tubings are inserted for thermal insulation purposes. In order to avoid convection in the pressure transmitting compressed argon the insulating tubes fit smoothly and the gaps between them are sealed by 0-rings at the upper end. In addition all cavities are filled carefully with alumina powder. The complete furnace is connected to the lower Bridgman plug through which the electrical leads enter the high-pressure chamber. Small electrically insulated Bridgman plugs made from copper-beryllium bronze which are positioned in inclined bores in the lower Bridgman plug serve as feed-throughs for the power leads.
The temperature is measured by three sheathed chromel-alumel thermocouples distributed along the volumometer. They enter the pressure vessel at a Fig. 1 . Schematic diagram of high pressure apparatus: 1 gas inlet; 2 micrometer screw; 3 differential transformer; 4 leads to carrier frequency amplifier; 5 ferromagnetic tip; 6 thermostat; 7 fixed point of suspension system; 8 thermocouple inlets; 9 pressure vessel; 10 wire; 11 suspension tubing; 12 bracket; 13 cooling jacket; 14 volumometer with bellows; 15 main heater; 16 auxiliary heaters; 17 thermal insulation; 18 power leads.
position indicated in Fig. 1 plug and into a pressure intensifier (Autoclave Engineers) to pressures of 3000 bar. Higher pressures are generated by the intensifier operated by an air-driven hydraulic pump. The gas pressure is measured by a set of Bourdon gauges (Heise) with ranges of 1000, 3000, and 7000 bar and an accuracy of 0.1% of full scale reading. The gauges are calibrated against a deadweight tester. l cm Fig. 3 . Volumometers for different density ranges: a) type 1 for low densities, b) type 2 for high densities. 1 wire for displacement measurement; 2 gland; 3 lid (argon welded) ; 4 welded seam; 5 bracket; 6 metal bellows; 7 screw; 8 bottom part; 9 spacer.
Volumometer
The volumometer shown in Fig. 3 is a closed system of fixed salt content consisting of a rigid stainless steel cell (Remanit 1880 SST, Deutsche Edelstahl-Werke) and a metal bellows (material: Inconel 600, Henry Wiggin and Co.) which allows for pressure equilibration between the salt and the pressurizing argon. Metal bellows with different diameters are used depending on the density range leading to volumes between 7.2 and 14.3 cm 3 . The lower end of the volumometer is rigidly attached to a bracket which is suspended from a stainless steel tubing connected to the upper Bridgman plug as indicated in Figure 1 . To the upper end of the volumometer a wire is attached which is made of the same material as the tubing, thus compensating for most of the thermal expansion and compression effects along the temperature gradient from measuring temperature to room temperature and in the upper Bridgman seal. The wire is carrying a ferromagnetic tip. Hence changes in volume of the volumometer can be measured via displacements of its upper end by a thermostatted differential transformer outside the high-pressure system which can be moved up and down by a micrometer screw to find the relative zero position with respect to the ferromagnetic tip, which is monitored by a carrier frequency amplifier (Hottinger Meßtechnik). With this experimental set-up it is also possible to carry out quasi-isochoric measurements by adjusting the pressure in a way that the upper end of the volumometer is kept at the same (zero-) position when the salt is heated or cooled slowly.
Since the suspension system described above does not compensate for all expansion and compression effects completely, the small resultant erroneous zero point shift of the arrangement is determined by replacing the volumometer by a solid piece of metal of the same material and size and then measuring the movement of the ferromagnetic tip as a function of pressure and temperature. The resultant shift which is found to be reproducible to ± 0.07 mm with an additional uncertainty of 0.07 mm for the zero point position is taken into account as a correction to the displacements measured. The uncertainty in the final density values caused by this effect is only small for volumometers of type 1, but it is appreciable (0.25%) for type 2 volumometers. In this case it can be diminished by finding the zero point position with the aid of density values obtained w T ith type 1 volumometers (see also Sect. 2.4 and Table 1 ).
Experimental Procedure
The zero point volume at 20 °C of the volumometer is determined before an experiment by differential weighing with water and carbon tetrachloride. The salt (E. Merck and Co., >99.5%) is dried carefully under vacuum at about 450 °C for at least six hours 8 , then fused in a quartz glass funnel and introduced into the volumometer. After filling and cooling down the volumometer the amount of salt is determined by differential weighing. Then the volumometer is closed by welding under dry argon gas and placed into the pressure vessel.
For densities smaller than the density of the fused salt at its melting point at 1 bar pressure cells of type 1 (Fig. 3) are used. They are heated at ordinary pressure until the salt fills the zero point volume of the volumometer completely. Upon further heating the pressure is adjusted in a way, that a quasi-isochoric measurement can be performed. For densities higher than the density of the liquid at its ordinary melting point volumometers of type 2 are chosen because the larger bellows allow for the volume increase of the salt upon fusion without irreversible deformations caused by large elongations. In order to check the consistency of the isochores in this range additional isothermal mea-surements are made. For this purpose the volume of the volumometers is calibrated as a function of the displacement of its upper end using density values obtained by isochoric measurements. It turns out that for volume changes smaller than about ± 15% even under these extreme conditions the volumedisplacement relation is reproducible although not linear, as was also observed by Babb et al. 9 at room temperature. If the volume change of the bellows caused by melting of the salt at 1 bar exceeds about 15% it may be partly irreversible. In this case a redetermination of the zero point volume of the bellows and of its crossection is necessary with the aid of density values determined with volumometers of type 1. This leads to an additional uncertainty in the final density values of about 0.15% (see also Sect. 2.4 and Table 1 ).
Determination of Density
The density of molten KCl corresponding to a measured pair of temperature and pressure is calculated from where m is the amount of salt in the volumometer, V0(P, T) the volume of the volumometer at P and T and zero displacement, V0 (1 bar, 20 °C) the calibrated volume at 1 bar and 20 c C, AV^%Q the volume correction of the total volumometer due to thermal expansion as if it were totally made from the material of the rigid part. AVT>b a correction to c taking into account, that the bellows and the rigid part are made from different materials, AVp the correction due to compression of the volumometer. All the corrections are temperature and pressure dependent.
The corrections due to thermal expansion are calculated according to
where a is the average linear thermal expansion coefficient between 20 °C and the measuring temperature, Aac-B = a c -a B is the difference between the coefficients for cell and bellows materials, t is the measuring temperature in degrees centigrade, and Vo,B (1 bar, 20 °C) is the volume of the bellows at 1 bar, 20 °C, and zero displacement. Equation (3) is taking into account that the correction for the The relative uncertainty of ac amounts to 1.6%, that of AOLQ _ b is estimated to be 8%. The corresponding errors in F0(P,T) are 0.09% and 0.02%, respectively. The pressure dependence of the thermal expansion coefficient is small and can therefore be neglected in the thermal expansion correction.
Since the overall correction for the compression of the volumometer is of the order 0.5% in V0 (P, T), it is not necessary to distinguish between the compressibilities of the two different materials and to take into account the pressure dependence of the compressibility when calculating the correction which can then be written as
+ AVTX + AVT,B] •
The compressibility ß(T) may be calculated from
3[1 -2 v(T) ] ß(T) = E(T)
with data for Young's modulus E(T) 12 and Poisson's ratio v{T) 13 extrapolated beyond 820 °C. It turns out that v does not show a systematic variation with temperature. It thus has its usual value v = 0.3 over the whole temperature range. For E (T) the following relation holds: E(T) = 22860 -11.6 2 (in kp mm" 2 ) .
The value for ß at room temperature obtained from Eq. (5) is 6.02 • 10 -7 bar -1 . It is in good agreement with data for the constituent pure metals obtained by Bridgman 14 from high-pressure experiments. He also demonstrated that the pressure dependence of the compressibility may be expressed as a linear function of pressure and that the pressure dependent term is contributing less than 5% below 6 kbar. Hence it is justified to neglect it here.
The estimated error of the compressibility is about 10% below 2 kbar and about 20% for the highest pressures. This leads to errors in V0 (P, T) of 0.025% and 0.13%, respectively.
Uncertainties in Density
The The numerical values of the uncertainties for the two different types of volumometers are given in Table 1 for various pressures. 
Results
Following the procedure described above twenty quasi-isochores with 431 experimental points and nine isotherms with 87 points are measured covering the temperature, pressure, and density ranges from 770 to 1050 °C, from 1 to 6000 bar, and from 1.36 to 1.67 gem -3 , respectively. The uncorrected points of some of the quasi-isochores are shown in Fig. 4 , where the points obtained upon heating and cooling in different cycles are marked by different symbols.
As may be seen from the figure, the scatter of the experimental points is very small and statistical, thus indicating that there is neither hysteresis nor any time-dependent effect.
All unsmoothed experimental points corrected for the effects described in Sects. 2.2 and 2.4 are collected in Table 2 .
Since PVT data for molten KCl at high pressures The corrected experimental density values are fitted by an equation of state (modified Tait-equation) with temperature and pressure as independent variables with a standard deviation of 0.04% in density. The smoothed data are reported in Table 3 . Smoothed isochores belonging to the uncorrected experimental points in Fig. 4 are shown as full lines in the same figure. A discussion of the PVT data reported here, of the derivation of the equation of state used for fitting the results, and of some thermodynamic properties of molten potassium chloride calculated with the aid of this equation will be published in a subsequent paper 2 '.
